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Abstract In this Account we describe a series of new reactions that we,
and others, have reported that involve the transformation of C–F bonds
into C–Mg, C–Al, C–Si, C–Fe and C–Zn bonds. We focus on the use of
highly reactive main group nucleophiles and discuss aspects of reaction
scope, selectivity and mechanism.
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1
1.1

Introduction
The Fluorocarbon Industry and Sustainability

The fluorochemicals industry improves our quality of
life. Fluorinated organic molecules play a pivotal role in
chemical manufacture. Among their many uses they find
applications as refrigerants, aerosols, in polymeric materials, as solvents, and as surfactants. For example, fluorinated
polymers (Teflon) and fluorinated gases (HFCs) are commonplace in UK households, businesses and the automotive

sector.1 Fluorocarbons are also found in health and farming
sectors and it has been estimated that approximately 20–
25% of pharmaceuticals and 30–40% of agrochemicals contain at least one fluorine atom.2
Despite its clear benefits, the fluorochemicals industry
is not sustainable. Nearly all fluorocarbons on our planet
are synthetic. The vast majority of naturally occurring fluorine is in the form of inorganic fluoride, present in mineral
forms based on abundant main group metals such as fluorspar (CaF2) and cryolite (Na3AlF6). The fluorochemical industry is now optimised to extract and process sources of
inorganic fluoride to make useful organic fluorocarbons.
The latter molecules and materials are often treated as single-use, being disposed of at the end of their useful life creating waste and environmental damage.
The problem of disposal is particularly acute for the refrigerants industry. While second-generation refrigerants
(CFCs) created a hole in the ozone layer, third-generation
refrigerants (HFCs) are potent contributors to climate
change. Strict governmental legislation of these fluorinated
gases has been in place for some time. The Montreal protocol has been highly effective in tackling ozone depletion
and most recently this treaty has been modified (Kigali
Amendment: effective January 1, 2019) to introduce regulation that seeks to reduce HFCs by >80% by 2050. Hydrofluoroolefins (HFOs) are now being marketed as direct replacements for HFCs as green alternatives with low globalwarming potentials. Not only is the long-term effect of
HFOs, and their decomposition products such as trifluoroacetic acid, on the environment unclear but many companies are now selling mixtures of HFCs and HFOs.
There is an immediate need for sustainable approaches
in the fluorochemicals industry. The recycling, repurposing
and reuse of refrigerants such as HFCs and HFOs hold the
potential to reduce waste, cost and environmental damage.
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Figure 1 (a) Production of fluorocarbons from chlorocarbons and hydrocarbons. (b) Trends in C–M and C–F bond strengths in fluorobenzenes. (c)
Trends in C–F bond strengths in fluoroalkanes.

The key challenge here is the development and implementation of new chemical methods that use the C–F bond as a
functional group.

1.2

Production of Fluorocarbons

On industrial scales, nearly all fluorocarbons are prepared from HF, which is in turn obtained in an aqueous
form through reaction of fluorite (CaF2) with sulfuric acid
(H2SO4). HF can be used as a source of F– and in the presence
of a metal catalyst (often chromium-based) can react with
chlorocarbons to form fluorocarbons or chlorofluorocarbons (Figure 1a).
The main routes to selective fluorination in the life-sciences sector are via the Swarts halogen-exchange process
and the Balz–Schiemann process. These focus on fluoroaromatics and trifluoromethyl aromatics, respectively, and
both use anhydrous HF as the fluorinating agent.3 Alternatively, electrolysis of HF yields F2, which although a poor
fluorinating reagent by itself due to its extreme oxidising
nature, can be combined with CoF2 to effect the fluorination of hydrocarbons in the Fowler process.4 The Fowler
process has two main steps, the reaction of CoF2 with F2 to
generate cobalt trifluoride (CoF3), which is then heated
with a hydrocarbon substrate to perform the fluorination
(Figure 1a). These conditions lead to multiple fluorination

events and yield organic compounds with high fluorine
content, typically perfluorinated or polyfluorinated molecules. The CoF2 by-product can be recycled. Anhydrous hydrofluoric acid can also be used as a fluorinating agent in an
electrochemical reaction, called the Simmons process, to
generate aliphatic C–F bonds from C–H bonds.5

1.3

Properties of Fluorocarbons

The properties of fluorocarbons can be traced to unique
aspects of the element fluorine and its position on the periodic table. Fluorine has a large first ionisation energy (IE1 =
401.2 kcal mol–1) and electron affinity (EEA = 78.3 kcal mol–
1
) and is the most electronegative element known (χp =
4.0).6 The fluorine atom has one of the smallest radii (rvdW =
1.47 Å), second only to the hydrogen atom (rvdW = 1.20 Å).
Hence, it is suitable to consider substitution of H for F in hydrocarbons. Due to the large electronegativity difference
between carbon and fluorine (Δχp = 1.5) however, C–F
bonds are significantly different from C–H bonds. C–F
bonds are polar and exceptionally strong. In fact, this is the
strongest single bond between carbon and any element. For
example, the C–F bond-dissociation energy of fluorobenzene (C6H5F), fluoroethene (CHF=CH2) and fluoromethane
(CH3F) are 127.2 ± 0.7, 123.3 ± 0.8 and 115 ± 4 kcal mol–1
respectively.7 These are all larger than the C–H bond-disso-
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ciation energy in the corresponding hydrocarbons benzene,
ethene and methane of 112.9 ± 0.6, 110.7 ± 0.7 and
104.9 ± 0.1 kcal mol–1 respectively.7
Incorporation of fluorine atoms into organic compounds
influences the properties of these molecules as a whole. For
example, substitution of H for F in benzene results in a
strengthening of the C–H bonds adjacent to the newly installed C–F bond. C–H bond-dissociation energies in fluorobenzenes increase with increasing ortho fluorine substitution. A similar trend, but with a stronger correlation, is observed for C–M bonds (Figure 1b).8–10 In contrast, the
opposite trend is observed for C–F bond strengths. Macgregor
and Whittlesey have examined this effect for a number of
polyfluorinated benzenes.11 The C–F bond strengths in fluorobenzenes have been calculated to decrease by ~ 1.8, 0.5
and 0.2 kcal mol–1 upon substitution of H atoms by F atoms
in the ortho-, meta- and para-position respectively (Figure
1c). In combination, these trends lead to substrate bias in C–
F activation of fluoroarenes due to a thermodynamic orthofluorine effect. In fluorobenzenes, the weakest C–F bonds
are those flanked by additional ortho fluorine atoms, and
cleavage of these bonds to form organometallics results in
the formation of products with the strongest C–M bonds.
Similar substrate bias is important for fluoroalkanes too.
The C–F bond strengths in fluoromethanes follow the trend
CF3H > CF2H2 > CFH3. Increasing fluorine content results in a
mutually re-enforcing effect with the polarisation of each
C–F bond resulting in increased partial positive charge on
carbon and increase in the ionic character and bond-dissociation energy of each of the C–F bonds (Figure 1c).6 As a result, CF3 and CF2H groups are some of the most chemically
inert functional groups known in chemistry and it is not
surprising they have found widespread application in industry-applied compounds such as hydrofluorocarbon
(HFC) refrigerants and active pharmaceutical ingredients
(APIs).
Despite its extreme electronegativity, the strong C–F
bond makes fluorine a poor leaving group. Rates of substitution of SN2 reactions of haloalkanes, R–X, increase with
the trend X = I > Br > Cl > F.6 Nevertheless, fluorocarbons can
react with suitable nucleophiles and bases. Mechanistic
pathways involving closed-shell species that have been observed include, but are not limited to (Figure 2):
- cSNAr, SNAr, benzyne formation (fluoroarenes)
- SN2, fluoride abstraction, E1CB (fluoroalkanes)
- SNV, SN2′, addition-elimination (fluoroalkenes)
For example, SNAr has been used widely in synthesis
with fluoroarenes being applied as substrates in both carbon–carbon and carbon–heteroatom bond-forming reactions.12,13 There is increasing realisation that the concerted
variant of this pathway cSNAr may be more prevalent than
its stepwise counterpart SNAr.14,15 A number of electrontransfer mechanisms are also potentially in operation in reactions of fluorocarbons and can become accessible due to
the low-lying *C–F orbital.16,17

Non-covalent interactions play an important role in determining the reactivity of fluorocarbons. These influence
the structure of the ground state and can lead to the stabilisation of transition states. For example, the reactivity of fluorocarbons can be influenced by: (i) dipole–dipole interactions, (ii) dipole–charge interactions, (iii) hyperconjugation
effects involving donation of electron-density into the lowlying * orbital of the C–F bond, (iv) weak C–F···H–X hydrogen bonding interactions, and (v) strong electrostatic C–
F···M interactions.6

Figure 2 General reactions of fluorocarbons with nucleophiles

1.4

Our Work

Despite their exceptionally high bond-dissociation energies, even the most chemically robust fluorocarbons will
react with suitably high-energy molecules and intermediates. We have focused on developing new reactions that
transform environmentally persistent fluorocarbons into
reactive chemical building blocks. Highly selective methods
have been developed that transform C–F bonds into C–Mg,
C–Al, C–Si, C–Fe and C–Zn bonds.18,19 These elements are all
electropositive and form extremely strong bonds with fluorine. As a result, reactions with fluorocarbons are often exergonic with reactivity patterns determined by the thermodynamic factors described above. Compounds based on
these electropositive elements can form strong M···F electrostatic interactions, engaging and orientating the fluorocarbon in a suitable geometry for nucleophilic attack and
hence lowering transition-state energies.
In this Account, we document part of these studies,
those which use nucleophilic main group reagents and do
not rely on the use of transition-metal complexes.20–23
Where possible we have highlighted the elegant research of
other groups in the field that are of direct relevance to the
discussion. We have omitted work on hydrodefluorination,
that is the transformation of C–F to C–H bonds.24,25 We em-
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phasise some of the insight gained through development of
mechanistic understanding and conclude by highlighting
the challenges and opportunities that remain in this field.

with the low electronegativity of aluminium, make this
complex both a good nucleophile and a good Lewis acid. Its
mode of reactivity combines these two facets and 1 can be
described as a transition-metal mimic.

2

2.1.1

2.1

Results and Discussion
Low-Valent Main Group Compounds

Low-valent main group reagents have proven remarkably reactive towards fluorocarbons. These compounds
contain main group metals in low oxidation states and possess a small HOMO–LUMO gap. Their frontier molecular orbitals are of suitable energy and symmetry to engage in interactions with organic substrates.26 For example, the aluminium complex 1 has a structure that is analogous to an
N-heterocyclic carbene and possesses an aluminium-based
lone pair and an orthogonal vacant 3p-orbital (Figure 3a).27
The poor 2p/3p overlap between the nitrogen lone pairs of
the ligand and aluminium-based orbitals, in combination

Reactions with Fluoroarenes

In 2015, we reported that the aluminium(I) complex 1
reacts with fluoroarenes under mild conditions to form organoaluminium compounds (Figure 3b).28 The reaction results in the breaking of a C–F bond with formation of new
Al–C and Al–F bonds on the same aluminium centre and is
considered as an oxidative addition of the fluorocarbon to
Al. Our study was initiated based on an observation that the
group had reported in 2012. We showed that closely related
organoaluminium compounds were formed as side-products in the zirconium-catalysed reaction of fluorocarbons
with the aluminium(III) dihydride 2b (Figure 3a).29,30 We
have since reported an efficient Pd-based catalyst system
for selective C–F (and C–H) to C–Al bond transformations

Figure 3 (a) Structure of low-valent aluminium reagent 1 along with related aluminium dihydride 2. (b) Reaction of 1 with fluoroarenes and fluoroalkanes. (c) Experimentally determined activation parameters for the reaction of 1 with 1,2,3,4-tetrafluorobenzene.35 (d) Proposed mechanisms for reaction of 1 with fluoroarenes and fluoroalkanes based on DFT studies.41,42 (e) Proposed equilibrium between 1 and a [4+1] cycloaddition product based
on DFT calculations.39
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with 2b.31 We hypothesised that low-valent aluminium(I)
complexes may be intermediates in these reactions and capable of effecting C–F bond activation in the absence of the
transition metal. Related oxidative addition reactions of H–
H, H–Si, acidic C–H, B–H and Al–H bonds to 1 were reported
by Nikonov and co-workers in 2014.32 Furthermore, isostructural Si(II) and Ge(II) reagents had been shown to undergo oxidative addition reactions with fluoroarenes.33,34
Subsequent to our report, Nikonov and co-workers documented the reactions of 1 with a number of fluoroarenes.35 The combined reaction scope from the two studies includes fluorinated benzenes with 3–6 fluorine atoms
(Figure 3b).28,35 Reaction times and temperatures decrease
with increasing fluorine content, consistent with the most
electron-deficient fluoroarenes being the most reactive toward 1. For example, C6F6 reacts with 1 within 15 minutes
at 25 °C, while 1,2,3-C6F3H3 requires heating for 96 hours at
80 °C to reach reasonable conversions. The regioselectivity
of the oxidative addition step is consistent with the thermodynamic arguments set out in the introduction (section
1.3). Reactive C–F bonds are those flanked by one or more
fluorine atom, and as such these are not only the weakest
C–F bonds but also those which lead to the formation of the
strongest C–Al bonds. These reactive sites are also expected
to lead to the most stable transition states, as the partial
positive charge that builds up on the reactive carbon centre
will be accommodated by the inductive effect of adjacent F
atoms.
Nikonov and co-workers investigated the kinetics of the
addition of 1 to 1,2,3,4-C6F4H2 under pseudo-first-order
conditions (excess substrate) at 295.1 K and demonstrated
that the reaction is first-order in [1]. Further variation of
initial concentrations of the fluorocarbon suggests the reaction is also first-order in substrate. An Eyring analysis across
264.1 to 303.1 K temperature range allowed activation parameters of ΔH‡ = +13.6 ± 1 kcal mol–1 and ΔS‡ = –27 ± 1 cal K–1
mol–1, the corresponding ΔG‡ (298K) = 21.8 ± 1 kcal mol–1.35
The data are consistent with a rate-limiting step in which
both 1 and fluoroarene combine in a highly ordered transition state and have been interpreted as evidence for a concerted oxidative addition mechanism (Figure 3c).
A number of mechanisms have been proposed for the
reaction of 1 with simple organic substrates (Figure 3d). For
example, the reaction of 1 with H2 has been calculated to
occur by a concerted pathway. This has been described in
detail as an asynchronous concerted process.36 The potential energy surface involves dihydrogen approaching the vacant 3p orbital on Al, an event that leads to the polarisation
of the H+···H– bond which can then undergo nucleophilic
attack by the Al carbenoid followed by migration of the remaining hydride to Al. Overall the process is an oxidative
addition. There is no computational support for a stable dihydrogen complex as an intermediate and, while asynchronous, the reaction proceeds by a single transition state. On
modification of the substrate to X–H bonds (X = C, Si, Ge, Sn;

O, S, N, P) two concerted transition states are possible. The
favoured one involves the X atom in the axial position, approaching the vacant orbital of Al.37 While some have proposed that reactivity trends (ΔE‡: C > Si > N > P ; O > Si) are
determined by the H–X bond strengths, analysis with the
activation-strain model suggests a more complex explanation.38 Lower-energy transition states are those in which
the interaction energy is minimised due to increased orbital and electrostatic interactions. Both factors can be correlated with the energy of the * orbital of the X–H bond.
Lower-energy *(X–H) orbitals lead to lower-energy transition states. Vanka and Jain have proposed an alternative unusual mechanism for X–H bond activation with 1.39 Based
on the reactions being reported in benzene as a solvent,
they suggest a stepwise process involving benzene itself.
The 1,4-cycloaddition of 1 with benzene forms an unstable
[4+1] intermediate (Figure 3e) which in turn is capable of
X–H bond activation by addition across one of the newly
formed Al–C bonds. Subsequent hydride elimination and
rearomatisation re-forms benzene and yields the H–X addition product. While the high-energy [4+1] cycloaddition
product has now been trapped by coordination to a second
metal,40 it is highly unlikely that this pathway operates for
the fluorocarbons described herein, as reversible C–C and
C–F bond formation would be required as part of the mechanism.
Two separate computational studies have concluded
that fluoroarenes react with 1 by a concerted pathway (Figure 3d).41,42 The calculated TS-1 energy for reaction of 1
with 1,2,4,5-C6F4H2 is ΔG‡ (298K) = 28.3 kcal mol–1 using
the B3LYP functional. TS-1 involves approach of the fluorine atom to the axial position of the aluminium complex
and evolves from an unstable encounter complex involving
a weak long-distance interaction between Al and F (~4 Å).41
While using a simplified ligand system and modifying the
functional to consider dispersion effects B3LYP-D3 yields a
lower activation barrier of ΔG‡ (298K) = 24.5 mol–1, this still
remains higher than the experimentally determined value
for 1,2,3,4-tetrafluorobenzene.42 Using this latter level of
theory, it has been suggested that a stepwise mechanism
involving fluoride abstraction from the arene and recombination of the charged fragments is plausible but less favourable than the concerted pathway. We recalculated TS-1 using alternative computational functionals including
B3PW91-GD3 and found a similar activation barrier of ΔG‡
(298K) = 23.0 kcal mol–1.

2.1.2

Reactions with Fluoroalkanes

The activation and functionalisation of sp3C–F bonds of
fluoroalkanes represents an important and largely unsolved
challenge. While there are abundant examples of oxidative
addition processes for fluoroarenes, the addition of sp3C–F
bonds to transition metals is problematic. The lack of
charge stabilisation in the transition state for sp3C–F bond
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breaking means that defined oxidative addition reactions
are scarce. Furthermore, the resulting metal–alkyl bonds
can be unstable with respect to -hydride elimination abetted through the availability of metal d orbitals and agostic
interactions. Nevertheless, transition-metal-mediated
sp3C–F activation is not completely without precedent. For
example, in 2011 fluoromethane was shown to undergo a
formal oxidative addition to an iridium pincer complex.43 A
direct oxidative C–F process was found to be high in energy
and shown to be a disfavoured pathway. Instead, oxidative
addition involves a more complex stepwise mechanism and
initial oxidative addition of a C–H bond to iridium.
Despite the challenging nature of the transformation, 1
undergoes facile oxidative addition reactions with 1° and 2°
fluoroalkanes.28,35 Substrates include 1-fluorohexane, 1-fluoropentane and fluorocyclohexane. Reactions proceed within 15 minutes at 25 °C and lead to the formation of new aluminium alkyl complexes. The latter are characterised by diagnostic high-field resonances in the 1H NMR spectrum
evident of the methylene or methine proton environments
adjacent to the electropositive aluminium centre. The reaction scope has yet to be extended beyond a handful of substrates or to 3° fluoroalkanes.

While a detailed mechanistic study has not been conducted, both stepwise and concerted mechanisms have
been proposed based on DFT calculations. Hwang and coworkers modelled the concerted oxidative addition pathway.41 Wang and Pitsch considered both concerted oxidative addition and the fluoride abstraction pathway and concluded that the latter stepwise pathway should be favoured
based on the low energy of TS-2 (Figure 3d).42 Experimental
support for a long-lived carbocation is limited.

2.1.3

Reactions with Fluoroalkenes

In 2018, our group expanded the scope of reactivity of 1
to fluoroalkenes.44 The reactions included both perfluorinated substrates such as hexafluoropropene (HFP) and also
polyfluorinated molecules including the industrially relevant hydrofluoroolefins HFO-1234yf and HFO-1234ze (Figure 4a). These tetrafluoroalkenes are being manufactured
and promoted as next-generation refrigerants. The inclusion of both sp2-hybridised and sp3-hybridised C–F bonds
within these substrates affords an opportunity to study the
issues of chemoselectivity and regioselectivity.

Figure 4 (a) Reactions of 1 with fluoroalkenes including industrially relevant HFOs. (b) Proposed mechanisms for C–F activation based on DFT studies.
(c) Comparison of the energies of TS-3 and TS-4 based on a series of computational methods. (d) An isolated metallocyclopropane of relevance to the
mechanistic discussion.
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In all cases, oxidative addition is selective for sp2C–F
bonds over sp3C–F bonds. Only the complete exclusion of
the former reactive sites from the substrate leads to reactions involving CF3 groups. For example, 1 reacts with HFP
at two different sp2C–F sites with conservation of the CF3
group; the major product is derived from reaction of the
terminal sp2C–F bond trans to the CF3 group, whereas the
minor product is derived from reaction of the internal
sp2C–F bond. HFO-1234yf reacts exclusively at the internal
sp2C–F bond, while 3,3,3-trifluoroprop-1-ene undergoes allylic sp3C–F bond activation leading to formation of a gemdifluorovinyl group due to transposition of the C=C double
bond. HFO-1336-mzz does not react with 1 to form an organometallic intermediate, but rather undergoes a double
C–F activation to form an aluminium difluoride and the sisomer of 1,1,4,4-tetrafluorobuta-1,3-diene (Figure 5).

stereochemistry, while the latter leads to sp3C–F cleavage
and transposition of the C=C bond. For the stepwise processes, these calculations suggest that metallocyclopropane
formation by TS-4 is rate-limiting with facile C–F activation
occurring after coordination to 1.
Comparison of these pathways for the reaction of 1 with
E-HFO-1234ze using a number of DFT functionals (B97x,
B97xD, M062x, M06L, and B3PW91) revealed that TS-3
and TS-4 transition states for the concerted stereoretentive
mechanism and stepwise stereoinversion mechanisms respectively are close enough (ΔΔG‡ = 0.6–3.8 kcal mol–1) in
energy to suggest that both may be operating (Figure 4c).44
Further support for the proposed pathway involving alkene
coordination was gained from reaction of 1 with a series of
alkenes and isolation of the corresponding metallocyclopropane complexes (Figure 4d).45 Hence, formation of
metallocyclopropane intermediates in the reaction of 1
with fluoroalkenes is a viable proposal.

2.2
Figure 5 Reaction of 1 with HFO-1336-mzz to form a fluorinated butadiene

Reactions of pure samples of E-HFO-1234ze and Z-HFO1234ze with 1 provide further insight as the stereochemistry about the C=C bond in the product yields information
about the mechanistic pathway (Figure 4a). In both cases,
the major product evolves from a pathway involving stereoretention of the alkene geometry. Nevertheless, the reactions are not stereospecific and occur with a degree of erosion of the stereochemistry. The degree of stereoerosion is
greater for reaction of Z-HFO-1234ze than E-HFO-1234ze.
Monitoring these reactions by 19F NMR spectroscopy reveals that the E:Z ratios of the products do not change as a
function of time; furthermore, attempts to equilibrate pure
samples of the E-isomer of the product to the Z-isomer with
heat or light were ineffective.
There are a number of interesting features of this study
that are complementary to the mechanistic aspects of the
reaction of 1 with fluoroarenes and fluoroalkanes. These include the partial erosion of E/Z stereochemistry, the activation of both sp2-hybridised and sp3-hybridised C–F bonds
and, in certain cases, the transposition of the C=C double
bond. The data are consistent with more than one mechanism operating. DFT calculations were used to interrogate
the potential pathways for C–F activation (Figure 4b). A
concerted pathway involving a stereoretentive oxidative addition of the C–F bond by TS-3 was identified alongside
stepwise processes involving alkene coordination to 1.
Alkene coordination to 1 forms a metallocyclopropane intermediate which can act as a precursor to C–F bond activation by either -fluoride or -fluoride elimination. Τhe former leads to sp2C–F cleavage and inversion of the alkene

Main Group Nucleophiles (M1–M2)

In parallel to investigating the reactions of fluorocarbons with single-site aluminium compounds, we have been
studying their reactions with reagents that contain metal–
metal or metal–semi-metal bonds. These reactions proceed
by a 1,2-addition of the C–F bond across the M1–M2 bond
with the most electropositive metal acting as a fluoride acceptor and the least electrophilic metal as the nucleophilic
site. The reactions result in the cleavage of the metal–metal
bond and in most cases two products, a metal fluoride and
an organometallic. In the case of M1 = M2 the reaction can
formally be assigned as an oxidative addition of the fluorocarbon to the main group reagent. Nevertheless, both these
cases and M1 ≠ M2 both show the trademarks of well-established nucleophilic substitution reactions.

2.2.1 Reactions of M1–M2 Nucleophiles with Fluoroarenes
In 2016, we reported the reaction of fluoroarenes with
3, a compound containing a Mg–Mg bond (Figure 6a,b).46
Addition of the C–F bond of a series of perfluorinated and
polyfluorinated arenes across the Mg–Mg bond of 3 proceeded rapidly in solution at 25 °C. The reaction resulted in
the formation of a new Mg–C bond and a new Mg–F bond
and is analogous to Grignard formation in homogeneous
solution. The products could be separated by fractional
crystallisation following addition of an aliquot of THF, and
were isolated as the etherate solvates. The magnesium organometallics demonstrated the expected four-coordinate
geometry in the solid state as evidenced by single-crystal Xray diffraction studies. In solution, variable-temperature 19F
NMR spectroscopy provided evidence for a weak residual
interaction between the ortho-fluorine group of the aryl
moiety and magnesium. Hence, at low temperature hin-
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dered rotation about the Mg–C was implied by the observation of five distinct 19F NMR resonances for the pentafluorophenylmagnesium complex. At higher temperature two
sets (Fortho + Fmeta) of these resonances coalesce and the activation parameters of ΔH‡ = +7.6 kcal mol–1 and ΔS‡ = –15.1
cal K–1 mol–1 provide an estimation of the maximum
strength of the electrostatic Mg···Fortho interaction, ΔG‡
(298K) = +12.1 kcal mol–1.46
The reaction scope includes 11 perfluorinated or partially fluorinated arenes. With 3 the scope is limited to activated fluorocarbons with at least four fluorine atoms, while
the more reactive species 4 shows improved reactivity. In
this case the complex nature of the reaction products prevents clean isolation and unambiguous confirmation of the
products. More recently, Harder and co-workers isolated 5,
a complex containing an extremely stretched Mg–Mg bond,
and showed that it reacts with fluorobenzene albeit under
forcing conditions of 100 °C for five days (Figure 6a,b).47 The
regioselectivity of C–F activation is consistent with a nucleophilic substitution mechanism. Substitution of the arene
with electron-withdrawing groups (CF3, N, C6F5, C6H5) leads
to C–F bond activation at the 4-position, while inclusion of
an electron-donating group (NMe2) begins to disfavour sub-

stitution at this position, enriching the product from 3-substitution. Inclusion of a pyridyl directing group forces substitution at the adjacent site, the 2-position, through coordination of 3 to the heteroaromatic. In the case of partially
fluorinated arenes, the regioselectivity is determined by the
number and position of the unreactive C–F bonds, with the
site of substitution exclusively being flanked by one or two
ortho C–F bonds. This is a strict requirement for reactivity
in the case of 3 and suggests that the ortho fluorine atom
may be playing a role as a directing group.
In 2018, we expanded the study to include both experimental and computational appraisals of the reaction mechanism with further experiments to probe the nature of the
proposed key transition state for C–F bond activation.48 An
Eyring analysis was conducted on the reaction of 3
with C6F6 across a 258–288 K temperature range allowing
the activation parameters ΔH‡ = +10.8 kcal mol–1 and ΔS‡ =
–35 cal K–1 mol–1 to be determined. The large negative entropy of activation is consistent with a highly ordered transition state in the rate-determining step. The associated
Gibbs activation energy is ΔG‡ (298K) = 21.3 kcal mol–1. DFT
calculations support a concerted pathway involving initial
formation of a weak, unstable encounter complex followed

Figure 6 (a) Line-drawings of 3–5. (b) Reactions of Mg–Mg nucleophiles with fluoroarenes. (c) Proposed reaction mechanism based on DFT studies
with experimentally determined activation parameters for the reaction of C6F6 with 3. (d) Calculated geometry of TS-5.
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by C–F bond cleavage by an SNAr pathway involving TS-5
(Figure 6c,d). Using different DFT functionals the calculated
energy for TS-5 is in good agreement with the experimentally determined activation parameters, ΔG‡ (298K) = 25.7
(B97X-D), 22.7 (M06L) and 19.5 (B3PW91-GD3) kcal mol–
1 48
. In this transition state, one magnesium centre adopts
the role of an electrophilic site to accept the fluoride leaving group, while the other acts as a nucleophile attacking
the aromatic system and forming the new Mg–C bond. The
reaction bears all the hallmarks of a concerted nucleophilic
aromatic substitution.
Deeper analysis of the transition state shows that electron density flows from the Mg–Mg bond to the newly
forming Mg–C bond and from the C–F bond to the fluoride
leaving group. NBO calculations allow the interrogation of
the charges as the reaction proceeds and these show that
while both Mg atoms of 3 become more positive in TS-5,
that which is accepting the fluorine atom bears the largest
partial positive charge. TS-5 adopts a partial negative
charge on the aromatic ring which is localised on the ipsocarbon and to a smaller extent the ortho and para carbon
atoms.
One unexpected aspect of these calculations was the
identification of short M···F interactions (~2.3 Å) between
ortho fluorine atoms and magnesium centres in TS-5. These
interactions account for ~ 5 kcal mol–1 stabilisation of the
transition state and, along with the known trends for fluorine substitution on C–F and M–F bond strengths in fluoroarenes (see section 1.3), explain the observed experimental
regioselectivity. SNAr-type pathways have also been proposed for the reaction of related main group nucleophiles
including [LiB(CN)2] and [LiSiR3] with fluoroarenes.49,50
Based on polarisation of the Mg–Mg bond in the transition state for C–F activation, we hypothesised that main
group reagents containing polar M1–M2 bonds may be more

reactive toward fluorocarbons. Our hope was that the
ground state polarisation would improve rates of reactivity
and ultimately a broader reaction scope. Using the same ligand system, a series of compounds containing Mg–Zn,
Mg–Al and Zn–Al bonds were prepared (Figure 7a,b). All
proved less reactive than the Mg–Mg complex 3. Hence,
only the Mg–Zn compound 6 showed any reactivity toward
fluorocarbons and this was limited to the activated substrates C6F6 and 2-(pentafluorophenyl)pyridine. These reactions proceeded exclusively to form zinc organometallics
and a magnesium fluoride by-product. Consistent with the
polarisation arguments and the electronegativity difference
of Mg and Zn, there was no evidence for Mg–C bond formation. Competition experiments between 3 and 6 showed
that the Mg–Mg nucleophile reacted at faster rates than the
Mg–Zn nucleophile.48
Ultimately calculations provided insight into the lack of
reactivity of these polar M1–M2 bonds toward fluorocarbons. In all cases, concerted SNAr pathways could be calculated by DFT methods. These calculations showed that the
energy of the transition state for C–F bond activation of C6F6
with main group nucleophiles TS-5 did not decrease with
the polarisation of the metal–metal bond but rather followed the trend Mg–Mg < Mg–Zn < Mg–Al ~ Al–Zn (Figure
7a,b). The simplest explanation for these results is that the
steric and not electronic factors are dominating reactivity.
Increasing the polarity difference between M1 and M2 results in an increased ionic character to the bond. In addition, both Zn (1.18 Å) and Al (1.26 Å) have smaller single
bond covalent radii than Mg (1.39 Å).51 Both effects manifest in a contraction of the metal–metal distance. Solventfree Mg–Zn bonds are shorter than the Mg–Mg bond length
of 3 by ~0.2 Å. This contraction brings the large and bulky
ligands closer together and hinders access to the reactive
site. Consistent with this argument, modification of the 2,6-

Figure 7 (a) Calculated Gibbs activation energies for TS-5 for a variety of M1–M2 nucleophiles. (b) line-drawings of M1–M2 nucleophiles prepared and
tested in reactions with C6F6 and related fluoroarenes. (c) Charge separation of Mg–Fe complex 7 and (inset) regioselectivity in the reaction with 2(pentafluorophenyl)pyridine.
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diisopropylphenyl groups on 3 to the smaller mesityl
groups on 4 results in improved rates of reaction, as evidenced by competition experiments, and a lower calculated
TS energy for C–F activation. The hypothesis is further supported by the reactivity of 5 which, despite the bulky isopentyl groups on the ligand, shows a larger Mg–Mg separation and improved reactivity with fluoroarenes. Mg–Mg
distances in 3 and 4 range from 2.808(1) to 2.846(1) Å while
that in 5 is 3.056(1) Å.47 For the Mg–Al and Zn–Al complexes, addition of an alkyl ligand on Al further serves to block
access to the metal–metal bond and prevent nucleophilic
attack on fluorocarbons.48
Further modification of the nucleophile to include an
extremely polar M1–M2 bond leads to changes in the regioselectivity of addition and an apparent switch from a concerted nucleophilic substitution to a stepwise mechanism
involving a genuine Meisenheimer intermediate. Hence, in
2019 we reported the reaction of a series of fluorocarbons
with 7, a nucleophilic reagent containing a Mg–Fe bond
(Figure 7c).52 NBO calculations and charge analysis, comparing 3 and 7, showed that while the former bond can be
considered covalent apolar, the latter bond is almost entirely polarised toward Mg+ and Fe– and primed for charge separation. In the presence of a substrate bearing a coordinating group, or indeed in highly polar coordinating solvents, 7
can undergo charge separation forming electrophilic and
nucleophilic components that can engage in C–F bond activation. DFT calculations again suggest a role for the Mg cation in acting to polarise the C–F bond toward nucleophilic
attack and accept the fluoride anion. The differences between the reactivity of 3 and 7 are manifest in the selectivity for 2-(pentafluorophenyl)pyridine, with 3 reacting at the
2-position and 7 at the 4-position (Figure 7c). The calculations predict these selectivities for the concerted and stepwise pathways respectively. Furthermore, 7 appears to
demonstrate improved conversions and reaction scope in
polar solvent mixtures including THF or pyridine.52 The reactivity of 7 parallels that established back in the 1960s and
1970s for NaFp [Fp = η5-C5H5Fe(CO)2] and related reagents
by Stone and Bruce.53 More recently, related transition-metal complexes based on anionic Rh and Ir nucleophiles have
been proposed to react with fluoroarenes.54,55

2.2.2 Reactions of M1–M2 Nucleophiles with Fluoroalkanes
Compound 3 also reacts with fluoroalkanes (Figure 8a).
Linear, branched, cyclic and acyclic 1° and 2° fluoroalkanes
react with 3 by 1,2-addition across the metal–metal bond
under mild conditions (50–80 °C; Figure 8b).56 The resulting
alkyl magnesium products can dimerise in solution by
three-centre, two-electron bonds and this is predicted to be
favourable for products derived from 1° fluoroalkanes. The
reaction is stereoconvergent with both trans- and cis-4-

tert-butyl-1-fluorocyclohexane reacting with 3 to form the
trans-isomer of the resulting organometallic. While further
experiments are necessary to probe the stereospecifity of
the Mg–C bond-forming step, it is likely that this stereoconvergence results from the epimerisation of the stereocentre
adjacent to Mg in the product. DFT calculations suggest that
the trans isomer of the product is more stable than the cis.
Upon modification of the main group nucleophile to 4, the
reaction scope can be expanded to 3° alkyl fluorides, specifically 1-fluoroadamantane. In this instance, the resulting
organomagnesium product is unstable with respect to
Schlenk-like ligand redistribution, leading to the formation
of Ad2Mg in situ (Ad = 1-adamantyl). While the Schlenk
equilibrium of the reaction products complicates their
clean isolation, it does not prevent their efficient use in further synthetic steps.
We showed that the organomagnesium reagents derived from C–F bond activation of 1-fluorohexane can be
used to transfer the hexyl group to a diverse range of electrophiles, proving C–Si, C–B, C–Sn and even C–C bond formation using a fragment derived from a fluorocarbon. This
reactivity was capitalised on in order to develop the first
transition-metal-free method to couple sp2C–F and sp3C–F
bonds by initial reaction of 3 with 1-fluorohexane followed
by addition of a perfluoroarene. The reactivity holds promise as a general means to upgrade fluorocarbons through
cross-coupling.56 More recently, others have demonstrated
that related main group nucleophiles, generated in situ
from the reaction of R3Si–Bpin with KOt-Bu or LiHMDS, will
react with a range of fluoroalkanes (Bpin = pinacolato borane; HMDS = hexamethyldisilazane) and effect a defluorosilylation.57,58
DFT calculations were used to probe the plausible
mechanisms of C–F bond activation. While we are yet to
conduct a full mechanistic analysis, confidence in the accuracy of the calculations can be gained from prior studies of
3 with fluoroarenes (see section 2.2.1). Calculations suggest
that for 1° alkyl substrates, a remarkable SN2 pathway involving frontside nucleophilic attack of 3 on the fluorocarbon is energetically accessible (Figure 8c).56 This pathway is
a concerted process in which the polarisation of the substrate occurs through coordination of the C–F bond to Mg.
The unusual frontside geometry of the transition state TS-6
can be rationalised on the basis of the nature of the reagents. The activation energy ΔG‡ (298K) = 23.6 kcal mol–1
of TS-6 was determined using the B3PW91-GD3 functional.
Complex 3 contains a covalent apolar metal–metal bond
and has been proposed to possess a non-nuclear attractor in
the interatomic region: due to the highly electropositive
magnesium atoms, electron density is localised in the centre of the two Mg nuclei.59,60
In the transition state for frontside nucleophilic attack,
the electropositive Mg sites coordinate the electronegative
fluorine atom of the fluorocarbon, orientating it front-on.
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Figure 8 (a) Line-drawings of 3 and 4. (b) Reactions of Mg–Mg nucleophiles with fluoroalkanes. (c) Proposed reaction mechanism based on DFT studies for reaction of n-PrF with 3. (d) Calculated geometry of TS-6 showing frontside nucleophilic attack.

Coordination acts to polarise the C–F bond and nucleophilic
attack can occur with flow of electron density from the
Mg–Mg -bond to the * orbital of the C–F bond. In this reaction the carbon centre is the leaving group and the reactive carbon centre generates carbanion character as it migrates to the Mg centres in the product.

2.2.3 Reactions of M1–M2 Nucleophiles with Fluoroalkenes
Attempts to develop similar reactivity of 3 with fluoroalkenes led to undesired side-reactions. For example, HFP
reacts with 3 to form a complex mixture that includes a major product derived from C–C bond formation due to nucleophilic attack of the -diketiminate ligand on the fluorocarbon. The observation that ligand reactivity competes with
metal-based reactivity can be explained by considering a
localised resonance form of the ligand and its role as a metal enamide. The undesired pathway could be avoided by a
combination of modification of the ligand system and variation of the metal–metal bond. Hence a number of magnesium and lithium silyl reagents were shown to be highly effective nucleophiles for the defluorosilylation of HFP and
related industrially relevant fluoroalkenes (Figure 9a,b).61
Of the nucleophiles studied, lithium silyl reagents
proved the most effective. HFP, HFO-1234yf, HFO-1234ze,
HFO-1336mzz and 3,3,3-trifluoroprop-1-ene reacted with
[Li(SiPhMe2)(THF)1.5] in benzene or THF solution at 25 °C or
below within 15 minutes to 3 hours to give a high yield of
the defluorosilylated products (Figure 9a,b). In the case of

HFO-1234yf, a selective second addition of the silyl lithium
reagent could be achieved leading to a doubly defluorosilylated product. Modification of the ligand on lithium to
chelating amines such as TMEDA or PMDETA led to lower
yields of C–F activation. While the analogous magnesium
reagents 9 and 10 were also competent for defluorosilylation, they required higher reaction temperatures (60–100
°C) and longer reaction times (3–6 days) to effect the same
transformation as the lithium analogues. Consistent with
the steric arguments observed in the reactions of 3 with
fluoroarenes (see section 2.2.1), magnesium nucleophiles
bearing the less sterically hindered ligands demonstrated
improved reaction scope over those with bulky ligand systems.
Two reactivity patterns were observed with all the sblock nucleophiles investigated. Substrates containing terminal sp2C–F bonds (HFP and HFO-1234ze) undergo a stereospecific SNV reaction leading to direct silylation of these
bonds with conservation of the stereochemistry of the C=C
double bond. In contrast, substrates that possess either internal or no sp2C–F bonds underwent an SN2′ pathway ultimately leading to cleavage of an sp3C–F bond of the vinyl
CF3 group. This latter pathway is especially notable for HFO1234yf as reaction with the aluminium(I) reagent 1 leads
exclusively to substitution at the internal sp2C–F bond (see
section 2.1.2).
DFT calculations support the proposed mechanisms and
provide qualitative explanations for the observed reactivity
trends (Figure 9c). These calculations focused on the magnesium silyl reagents 9 and 10 due to their defined coordi-
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Figure 9 (a) Line-drawings of 8–10. (b) Reactions of Li–Si nucleophiles with fluoroalkenes. Proposed reaction mechanism based on DFT studies for
reaction of 10 with (c) HFP and (d) HFO-1234yf.

nation geometry and known ligand sphere. Low-energy
pathways were again found to be those that were concerted
and involved the main group reagent taking a dual role of
nucleophile attacking a carbon centre and electrophilic site
to accept the fluoride leaving group and polarise the C–F
bond.
Due to the electronegativity difference of Mg and Si and
the polarisation of the Mg–Si bond, the Mg site accepts the
F leaving group while the Si site acts as a nucleophile. For
HFP a number of low-energy transition states for a concerted SNV mechanism could be found. Hence, with the
B3PW91-GD3 functional, TS-7 ΔG‡ (298K) = 14.7 < TS-8 ΔG‡
(298K) = 16.6 kcal mol–1 . While TS-7 and TS-8 give rise to
the experimentally observed products from attack of the
nucleophile at the terminal sp2C–F bonds, further transition
states that arise from SNV of the internal sp2C–F position or
an SN2′ pathway are less energetically accessible, and the
corresponding products are not observed experimentally.
For HFO-1234yf, a concerted SN2′ mechanism was calculated to proceed by TS-9 with ΔG‡ (298K) = 22.5 kcal mol–1.
TS-9 involves allylic sp3C–F bond activation. Dual activation
of the substrate occurs, but now that site of nucleophilic attack is two bonds removed from the C–F bond that breaks.61

3

Summary and Perspective

In summary, over the last eight years we have developed
a number of novel reactions that involve the addition of
main group nucleophiles to fluorocarbons. These reactions
either involve the 1,1-addition of the R–F bond to a singlesite metal complex or 1,2-addition of the R–F bond across
an M–M or M–Si bond. The new reactivity builds on the
findings of others and exploits main group molecules pioneered by a number of groups over the past two decades.
Through a combination of physical organic experiments
(competition experiments, rate-laws, activation parameters) and calculations (DFT, QTAIM) we have attempted to
develop a deep mechanistic understanding of the new reactivity. While many subtleties are yet to be understood, the
global picture that emerges is that strong electrostatic interactions between electropositive main group elements
and fluorine atoms play key roles in determining both the
thermodynamics and the kinetics of the reaction pathways.
A number of challenges still remain in this field. From
the perspective of recycling and upgrading fluorinated gases, HFCs remain the least reactive substrates. For example,
new reactions to selectively convert the sp3C–F bonds of tri-
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fluoromethane or 1,1,1,2-tetrafluoroethane into sp3C–Si or
sp3C–B bonds would be of significant value to the synthetic
community due to the abundance of these fluorinated gases.62 This goal will require new selective reactions of a single sp3C–F bond of the CF3 group to be developed. From the
perspective of late-stage functionalisation of complex molecules, there is a need to try and understand the scope and
functional group tolerance of the new reactivity. Functional-group-tolerant methods could well find application in
the late-stage modification of fluorine containing drugs and
provide new methods to derivatise and label complex organic molecules. We look forward to learning more about
the existing systems and embracing these challenges in the
coming years.
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